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Abstract An overview is presented of the progress in
understanding polymer heterogeneity over the last
20 years and how this has contributed to the improve-
ment of coatings. Solvent-based polymers are homo-
geneous in nature, since all polymeric materials tend to
be dissolved in the same solvent mixture. This is
different for most waterborne polymers, which tend to
be present in a compartmentalized way. Most poly-
meric materials are present in particles, which are
separated by the continuous aqueous phase. This gives
excellent opportunities to create particle morphologies
that form the basis for the film morphology after drying
of the coating. This article gives an overview of the
various types of heterogeneity which are accessible in
waterborne polymers and will show how heterogeneity
in the polymer can contribute to the solution of several
persistent problems of the coating industry.
Keywords Coating, Heterogeneous, Waterborne,
Gloss, Adhesion, Nano-structured, Hybrid
Introduction
The coatings world of today is putting high demands on
performance in a period where sustainability, cost,
environment, safety, and health aspects are high on the
priority list of both industry and society. Many contra-
dictory requirements like low volatile organic
compound (VOC) with good hardness, solvent free
with good adhesion to plastics, and combinations of
nonblocking with high elasticity demand for innova-
tions.
To make progress against these demanding targets,
we can take nature as an example and also learn from
the polymer alloy developments of the last decades.
Both apply the concept of heterogeneity to create new
and improved materials to fulfill a wide range of
functions. This article gives an overview of the differ-
ent forms of polymer heterogeneity, discusses its
principles, and elucidates the relationship of composi-
tion, structure, and functions for a number of demand-
ing coating applications. Based on these insights, future
developments in waterborne coatings are envisaged.
Different levels of heterogeneity
Heterogeneity can express itself in many different
forms. When more than one population of particles is
present in a mixture or blend, they may differ in, for
instance, their particle size distribution (PSD), hydro-
phobicity, glass transition temperature (Tg), molecular
weight (Mw), and/or polymer class.
Combining two different polymers of the same
polymer class within one particle is a next level of
control over heterogeneity that is often applied in
addition polymers like acrylic dispersions.
In genuine hybrid particles, more than one polymer
class is present per particle. The commercially most
relevant examples of different polymer classes within one
particle are the urethane acrylic and alkyd acrylic hybrids.
An even more advanced level of control over
polymer heterogeneity can be attained by controlling
the molecular build-up of each individual chain within
a particle. Interesting examples of this group are the
amphiphilic polymers, which organize themselves at
the polymer–water interface.
The above-mentioned forms of heterogeneity will be
described in more detail and specific examples of the
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relation between structure and properties in paints will
be given in the ‘‘Experimental’’ section.
More than one population of particles in the same
system
Aqueous polymer dispersions provide a considerable
amount of design flexibility because of the ability to
combine more than one population of particles in the
same system. Blending of different waterborne poly-
mer systems is a route which is readily available and
this has been widely practiced. More advanced routes
are now available to make these different populations
of particles in situ. In this section, both methods will
get attention and the advantages and disadvantages of
both will be discussed.
Heterogeneity in particle size
A frequently applied tool to influence properties in
aqueous polymeric dispersions1 is to combine different
polymer populations with respect to particle size.
Most research on particle sizes in lattices has been
focused on monomodal dispersions. Controlling PSD
is, however, of significant practical importance, since it
allows one to increase the solids content of polymeric
dispersions and with this, the solids of the paint made
from these dispersions.
The increased solids level increases the rate of
drying, and will impact the rheological properties like
flow out of brush marks and ‘‘distinctness of image’’
(DOI), and can be of use to improve the ‘‘brush drag’’
and the hiding power of paint.
Latex dispersions with a particle size of 80–120 nm
can achieve a maximum solid content of about 45 wt%.
Larger monomodal particles will result in a higher
solids content, and 400 nm particles can achieve a
solids content up to about 60 wt%. This difference is
due to the contribution of the particle’s electrical
double layers to the hydrodynamic volume fractions of
the dispersions, which is more pronounced for the
smaller particles.
To illustrate the importance of a certain degree of
heterogeneity in PSD of lattices, we take a closer look
at the spatial arrangements of monodisperse particles
at increasing solids content. An unwanted phenome-
non sometimes observed with high solids monomodal
particles is the phase transition from a random fluid-
like arrangement of the particle dispersion to crystal-
line packing. For a monomodal distribution of hard
spheres it has been established that random packing
occurs until 49 vol.%.2 When the solids content is
further increased, an fcc crystalline packing becomes
more preferred because the system can gain free
volume entropy. A randomly packed fluid-like hard
sphere dispersion of 49 vol.% coexists with an fcc-
packed dispersion with solids content of 54 vol.% of
hard spheres.3 Due to this packing behavior of disper-
sions with a monomodal particle size, sometimes two
coexisting phases can be observed with different
density. This phenomenon will in practice appear at a
somewhat lower solids content, depending on the
particle interactions and the thickness of the stabilizing
layer around the particles.
From a coating perspective, two layers of different
solids content are highly undesirable and this problem
can be avoided by making use of particle populations
of different size or of a single population of particles
with a broader PSD: beyond a size polydispersity of
about 10%, the fluid–crystal phase transition does not
take place anymore.4
Blends of particles of 80 and 450 nm allow the solids
to be raised readily to 60 wt%, which is explained by
the fact that the small particles fit in the voids of the
large particles.5 This way the overall void volume is
minimized.
Kim and Luckham6 found the lowest elastic modu-
lus for a 80/20 large/small ratio with the large particles
being about 7 times larger than the small ones. A
similar ratio gave the lowest water absorption and a
decrease in minimum film-formation temperature
(MFT).7
Polymodal distribution has been studied in depth8–10
and especially bimodal PSDs have been the focus of
research by many groups.7,11
While blending of dispersions12 with a different
particle size is the most common route to obtain the
bimodality in particles size, in situ preparation has
some intrinsic advantages, like a higher solids content,
cutting out the blending step, and the ability to make
complex systems without the necessity of using multi-
ple reactors.
Due to these advantages several in situ routes have
been investigated to produce these bimodal lattices.13–16
One of the most common routes utilized in emulsion
polymerization is to first synthesize large particles,
followed by a surfactant shot, which upon addition of
additional monomers leads as a result of secondary
nucleation to the formation of a second population of
particles with significantly smaller diameter.
Alternatively, a low amount of small particle size
seed can be added to a large particle size dispersion,
after which additionally fed monomer polymerizes in
both particles to result in an in situ-prepared bimodal
PSD.
A very useful way to exploit bimodal particle size
dispersions is by using the ‘‘surface enrichment’’ effect
of small particles that becomes visible, when blending
particles of different sizes. This is schematically repre-
sented in Fig. 1.
Figure 2 shows an scanning electron microscopy
(SEM) photo of a film made from a dispersion with a
bimodal PSD with a large/small ratio of 80/20. The
20 wt% of small particles cover more than 50% of the
surface of the coating, which supports the thesis of
surface enrichment of small particles in a bimodal
particle size dispersion.
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This provides us with a very useful tool for dirt
pickup reduction and for improving the early stack-
ability of coatings.
The surface enrichment effect will be similar at the
coating substrate interface, making this an interesting
route to use adhesion promotion functionality in a
more economical way.
Another benefit of polymeric dispersions with a
bimodal PSD is the fast drying, due to the overall lower
water content, which explains their use in road paints17
and industrial applications.7
Heterogeneity in molecular weight
Tomba et al.18 have combined low and high Mw
compositions of methyl methacrylate/butyl acrylate
with identical compositions to reduce VOC levels. This
work makes use of the strong dependence of Tg on
Mw, where the Tg decreases progressively with reduc-
tion of the Mw below the entanglement Mw. The same
composition is used for both Mw polymers to ensure a
good miscibility on film formation.
The efficiency of the low Mw (oligomeric) latex
particles as diffusion promoters for the high Mw
polymer was studied and full miscibility was obtained
within the usual time needed for film formation.
This does show that these polymers are completely
compatible.
An excellent example of the use of Mw heteroge-
neity is in pressure-sensitive adhesives and polymers
for toner applications.
Another possibility is to combine polymers that are
largely incompatible, and where the low Mw polymer,
due to its decrease in Mw, also becomes low in
viscosity. This leads to very interesting properties like
self stratification19,20 and improved open time, and
the latter will further be described in the section
‘‘Heterogeneity in terms of polymer viscosity.’’
Heterogeneity in hydrophilicity
Low Mw high acid value polymers are well known in
the printing ink industry, where resolubility on a press
is one of the key properties. Combinations of low Mw
high acid value and high Mw low acid value polymers21
were first used in ink and overprint varnish applica-
tions. The low Mw high acid value polymer provides
stability to the system and is responsible for the
resolubility characteristics, whereas the high Mw low
acid value polymer improves properties like water
resistance. This concept has found wide applicability in
several coating applications, including anticorrosion
primers, decorative paints, road paints,22 and industrial
paints, where the low Mw part introduces overspray
recyclability to the system.23
Heterogeneity in glass transition temperature
Combining particle populations in one system, which
vary in glass transition temperature, gives useful
properties which can be applied in many coatings
applications.
The Tg of a latex is one of the main factors that
determines its mechanical properties.24
To obtain a strong and resilient coating film, it is
necessary that both the modulus of elasticity and the
elongation are at a high level.25 Optimal enforcement
of the film can therefore only occur when both
properties are increased at the same time.26
Elongation can easily be increased by adjusting the
hard/soft ratios in systems in which there is a contin-
uous matrix of soft material.27 For the modulus of
Surface
Bulk
Fig. 1: Schematic representation of packing of particles
with a bimodal distribution
Fig. 2: Crosscut SEM of a bimodal PSD with a large/small ratio of 80/20
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elasticity to increase, it is necessary to reduce the
mobility of the soft chains, either by chemical bonds,
hydrogen bridging,28 and crystalline domains or by
steric hindrance.
When hard particles are present in dispersed form in
a soft matrix, these hard elements will restrict the
mobility of the low Tg chains, thus improving proper-
ties like block resistance, tensile strength, hardness,
scratch, and abrasion resistance which is further
elucidated in the section ‘‘Influence of sequential
polymerization on mechanical properties for highly
elastic films.’’
The case where soft particles are present in dis-
persed form in a hard matrix is quite common in the
plastic industry. A typical example is impact modifiers,
where a soft core has a grafted hard shell around it to
create the optimal situation for inhibiting crack prop-
agation, where the desirable energy dissipation can
occur to stop further crack propagation. In coatings,
however, such hard and rigid compositions are seldom
used.
The key for achieving optimal properties in blends,
especially when a high toughness and modulus of
elasticity is required, is a high-quality interface
between both phases.29,30 When one of the two phases
is glassy, the rate of entanglement formation becomes
very low and one may want to rely on crosslinking
chemistry or hydrogen bridging28 to improve proper-
ties.
An alternative way to create a strong interface is to
make both phases in one particle, as will be described
further in the section ‘‘More than one population of
polymers within the same particle.’’
Heterogeneity in terms of polymer viscosity
The viscosity of the polymer is a parameter, which
gives interesting options for controlling the rheology
during the drying of the paint.31
A topic that has been on the wish list of many paint
companies is to offer a waterborne paint to the market
with similar open time to that of solvent-based alkyd
paints.
Acrylic dispersions suffer from a too fast sintering of
the particles, after which brushability is no longer
possible. Alkyd emulsions have a different problem.
On drying, phase inversion occurs, which in one
published paper is believed to go through a lamellar
structure.32
Due to this phase inversion, the coating suffers from
a temporarily high viscosity, which makes the brush
stick into the paint (Fig. 3).
Both types of rheology described above are inferior
to that of solvent-based alkyds, when the paint is
applied by brush. The challenge for brush-applied
paints is to maintain a good flow of the coating in the
early phases of drying. After 15–25 min, when ‘‘open
time’’ is no longer required, the viscosity preferably
increases quickly to maintain a reasonable drying time.
This preferred viscosity profile can be obtained by
combining low-viscous oligomers with high Mw poly-
meric particles (Fig. 4).33,34
The oligomer needs to build up Mw to end up at the
desired level of performance in a reasonable time
frame. The crosslink mechanism for the oligomer
should preferably result in a one pack system, contrib-
ute to the required low viscosity, and be economical,
and for these reasons, autoxidation of fatty acid
functionality seems to be the most appropriate cross-
link mechanism.
It will be understood that there is still some
yellowing due to the fatty acids being present in the
oligomer and that hardness build-up is generally slower
compared to pure acrylic dispersions. The fatty acid
functionality contributes by lowering the viscosity as
well as by introducing crosslink ability to the polymer.
In this case, there is heterogeneity in terms of Mw,
viscosity, polymer type, and often PSD as well.
To obtain an indication of the viscosity of the drying





































Fig. 3: Phase inversion of a fatty acid functional urethane
oligomer, starting at low solids; increase in solids is
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Fig. 4: Film formation of a waterborne system with
improved open time
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measures the force needed to pull a probe through a
paint film. The magnitude of this force is directly
related to the viscosity of the drying paint film. In
Fig. 5, the development of thus measured ‘‘viscosity on
drying’’ was compared for an acrylic dispersion, an
alkyd emulsion, a solvent-based long oil alkyd, and the
low-viscous oligomer/polymer combination.
In Fig. 5 it is clear that in the time frame of 35–
50 min after application, the viscosity of the oligomer/
polymer combination is visibly higher than that of the
solvent-based alkyd. Although this does not negatively
influence the open time of the paint, it does have a
negative influence on the gloss level as will be further
explained in sections ‘‘Amphiphilic polymers’’ and
‘‘Experimental’’ (DOI).
Polymer class
The combination of different polymer classes in one
system has appealed to many researchers over the
years due to the potential synergies that might be
achieved.
Blends of alkyds and acrylics
The main drive to combine alkyds with acrylics has
been the perceived synergy that might emerge from
this combination.
Alkyds are for a large part based on renewable raw
material, which is of interest from a ‘‘human footprint’
or ‘‘cradle to cradle’’ point of view.
Alkyd emulsions can give films without any VOCs,
and the general paint performance is at a very
satisfactory level. Their disadvantages, however, lay
in their tendency to yellow in time,36 the slow drying,
and in outdoor applications, the slow but inevitable
increase in brittleness and eventual cracking especially
with varnishes.
Acrylics, on the other hand, usually require some
coalescents for good film formation, dry very quickly,
and aging of the paint films will hardly result in a
change in mechanical properties or color.
There is a distinct difference in the film formation
mechanism of alkyd emulsions compared to acrylics
dispersions. Acrylics of high Mw go through a physical
drying stage, including the sintering of particles and
interdiffusion of chains and the formation of entangle-
ments as the mechanism to build cohesive strength.
Alkyd emulsions of low Mw, however, have been
reported to go through a metastable state32 followed by
phase inversion to form a water-in-oil emulsion. The
cohesive strength of the film is subsequently built-up
by a slow autoxidation process.
When aqueous blends of alkyds and acrylics are
used in equal amounts, the low Mw alkyd will quickly
become the continuous phase during the drying
process. Although this results in void-free film forma-
tion, the suggestion that the alkyd component of alkyd/
acrylic blends can act as a coalescing agent for the
acrylic and reduces the glass transition temperature of
the acrylic particles by interdiffusion of alkyd mole-
cules into the acrylic particles is unlikely to be correct.
The interdiffusion rate would be slow compared to
drying rate of the alkyd32 and indeed it is highly
unlikely that there will be any interdiffusion at all due
to the inherent incompatibility of the two polymer
types.
This inherent incompatibility is the result of ther-
modynamic inhibition because the free energy of
mixing of the two polymers is positive for most
polymer combinations.37
Due to this incompatibility, gloss is often less than
desired. Formation of a haze on film formation is a
quite common phenomenon with these blends, which
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Fig. 5: Drying profile measured with a thin film analyzer
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can be attributed to both the formation of aggregates
of acrylic particles during the film formation process as
well as to differences in refractive index of the alkyd
and the acrylic.
Alkyd acrylic blends have found use in self-stratify-
ing systems on wood,19 stain-blocking systems,38 wood
primers, and low VOC architectural paints.39
Blends of urethanes with acrylics
Dispersions of polyurethanes40 and polyacrylates
are often combined due to their complementary
properties.41 Polyurethane dispersions offer high
performance, especially in terms of mechanical prop-
erties like high tensile strength, abrasion resistance,
chemical resistance, and good toughness. This makes
them very useful for flooring applications and for
furniture where abrasion and scratch resistance are
needed.
The polyurethanes have also been used to reduce
the VOC level of the acrylic dispersions and to
improve the flexibility of the acrylics, especially in
outdoor applications. Hydrogen bonding plays a vital
role in the build-up of cohesive strength in blends
containing polyurethane dispersions.
Coreactive dispersions are a special case of blends of
dispersions of polyurethanes and acrylics. In a typical
example, the polyurethane is semicarbazide functional
and the acrylic contains carbonyl groups.42,43 These
mixtures show a good storage stability without
premature crosslinking, and synergistic properties have
been reported, including flexibility at low temperature
and a good abrasion resistance.44
More than one population of polymers within
the same particle45
Another distinct type of heterogeneity is the situation
in which each individual particle in an aqueous
polymer dispersion contains more than one polymer.
In the following sections, addition polymer/addition
polymer combinations and addition polymer/conden-
sation polymer combinations are discussed.
From traditional materials it is known that the
nature and extent of bonding between the various
phases critically determines the mechanical strength
and other properties of the material.46 This is equally
true for coating layers derived from nanostructured
particles.
The continuous phase in coatings is preferably the
most elastic phase, and the embedded harder dispersed
phase will increase the modulus of elasticity or the
resistance to elongation of the material. The increase
in modulus is caused by hard domains restricting the
reptation of the soft chains, provided a good interac-
tion takes place between continuous and dispersed
phase, to ensure proper stress transfer.
Examples of the influence of hard domains on the
mechanical properties of composite particles can be
found in the ‘‘Experimental’’ section.
Sequentially produced free radical polymers
Acrylic dispersions are the most common examples of
this type of system in which there is more than one
polymer composition present per particle. They are
usually prepared through a sequential emulsion poly-
merization process.
Different morphologies have been found for par-
ticles made according to this process and numer-
ous papers have been published to describe the
factors controlling the ultimate particle morphology.
Sundberg and coworkers have been particularly
active in this field, and have developed a sophisti-
cated treatment which takes into account both
thermodynamic and kinetic aspects to predict particle
morphology.47
Initial research emphasized the argument that the
thermodynamically most preferred morphology will
have the lowest total interfacial energy G47–49:
G ¼ RcijAij
where A is the interfacial area and c is the interfacial
energy between phases i and j. Based on this
equation, a core shell morphology is the equilibrium
preferred morphology in a two-phase system if the
phase which is polymerized second is significantly
more hydrophilic than the first one. In practice,
however, this does not always have to be the case,
e.g., at high surfactant loadings, where differences
between interfacial tensions of the polymer phases
against water become less pronounced. In analogy to
this, an inverted core shell is often the result if the
second phase is more hydrophobic than the first one.
In practice, however, thermodynamic equilibrium
morphology is quite rare. The equilibrium situation
is likely to be achieved during polymerization if the
rate of diffusion of the growing polymer chain is faster
than the polymerization rate. The most frequently
occurring kinetically controlled morphology is more
likely when polymerization rate is much faster than
the phase separation.
When a first polymeric dispersion is used to poly-
merize a second composition, a number of factors will
influence the final nanostructured morphology of the
system.50–54
The most relevant ones are the degree of radical
penetration into the seed particle, which is dependant
on the seed Tg,
55 the difference between Tg and
reaction temperature, the hydrophilicity of the com-
position, the level of compatibility, and the relative
amount of both phases present. If radical penetration is
possible, phase separation becomes important, since
chains of the second polymer are formed throughout
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the first-stage polymer particles, creating chain entan-
glements and the opportunity for extensive polymer
mixing. If radical penetration is highly limited, for
instance when the Tg of the first phase is considerably
above the temperature of polymerization of the
second phase, the particle will build in layers and
phase separation becomes irrelevant because the
polymers are never given the opportunity for intimate
mixing.
The phase consolidation is driven by thermodynam-
ics and might occur by growth of domains by poly-
merization, coalescence of domains, and Ostwald
ripening.
Nanostructured or sequentially polymerized acrylics
have found wide use in the coating industry, in
decorative paint, furniture, joinery, inks, adhesives,
and many other application areas.
The different phases in sequentially polymerized
lattices can vary in many aspects, including Tg, Mw,
hydrophilicity, and functional group concentration. Of
particular interest for coatings are the polymers with
more than one glass transition temperature.56
A composition which is polymerized sequentially,
whereby the monomers are split to deliver a Tg
difference, can give both a reduction in MFT and
show a reduced thermoplasticity as well, when com-
pared to the same composition which is polymerized as
a one phase polymer57 (see Tables 2 and 3).
This feature makes sequential polymers with a Tg
difference between both phases specifically useful for
applications where fast drying and low VOC need to be
combined.
Urethane acrylic hybrids
Combining urethanes with acrylics58–68 in a single
particle is an example where one polymer acts as the
stabilizer for a second polymer, and synergetic prop-
erties have been reported for this combination.69,70
Aqueous polyurethane dispersions have been
around for a long time. They can be made by
dissipating isocyanate functional prepolymers in
water, followed by chain extension with polyamines.
The viscosity for most polyurethane prepolymer com-
positions is too high to be processed and for this
reason, inert solvent like, for instance, N-methylpyrr-
olidone is frequently used during the prepolymer
synthesis.
This has been the leading technology for many
years, until the environmental pressures in the mid-80s
led to the development of several methods to reduce
prepolymer viscosity without using N-methylpyrroli-
done, which contributes to VOC emission.
One alternative process makes use of a low-boiling
point solvent, which is removed by distillation after
the prepolymer is chain extended in water. The result
is an almost solvent-free dispersion. This rather
expensive process has a side effect: acetone, which
is typically used in this process, interferes with the
amine functional chain extender. This will have a
suppressing effect on the Mw build-up of the poly-
urethane and often leads to reduced levels of
resistance.
High Mw polyurethane dispersions with good
resistances can be prepared without the negative
effects of in-process solvents, by reducing the viscos-
ity of the prepolymer through the addition of free
radically polymerizable monomers. After dispersion
of the prepolymer in water and subsequent chain
extension, the monomers can be polymerized,
thus giving a high Mw urethane acrylic hybrid
dispersion.
When comparing these hybrids with the blend of a
cosolvent-free urethane and an acrylic dispersion, it
appears that much stronger films result from the hybrid
particles. In particular, the mechanical properties of
these hybrids are frequently superior when compared
to the blend of urethane and acrylic dispersions with
similar composition.
This is attributed to the formation of a strong
interphase material, consisting of intimately mixed,
interpenetrating network of urethane and acrylic
polymer, which is formed during the synthesis of these
hybrids.71
Coogan and coworkers71 quantitatively measured
the amount of interface material in urethane acrylic
hybrids and their corresponding blends by means of
m-DSC.
The improved mechanical performance found could
directly be attributed to the increased level of interface
material present in the hybrid polymers, and AFM
results show an improved dispersion of hard acrylic
domains in a soft polyurethane matrix compared to the
blends.
Another example of the relevance of interaction
between both phases on mechanical properties is given
by Guyot and coworkers.72 A urethane acrylic hybrid
was prepared by a mini-emulsion polymerization route
and compared to the same material made through a
seeded emulsion route. The main difference was that
the acid of the polyurethane was neutralized in the
seeded route. The mini-emulsion route delivered the
best mechanical properties which were explained by a
better mixing of the corresponding polymers prepared
in one step instead of two steps for the seeded
emulsion route.
Due to their excellent mechanical properties and
resistances to all kind of solvents and stains, these
hybrids have found a wide use in areas where abrasion,
scratch, and general resistances are required. Typical
examples are coatings for parquet flooring and indus-
trial wood.
Saturated polyester acrylic hybrids
Aqueous polyesters are preformed polymers dispersed
in water, which limits their Mw due to viscosity
restriction during the dispersion step.
J. Coat. Technol. Res., 7 (1) 1–21, 2010
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Molecular weight
When compared to polyurethanes, polyesters do not
have the advantage of being chain extended during the
dispersion step and hence have insufficient resistances
at the relatively low Mws required for dispersion in
water.
Unsaturated polyesters have been described which
are grafted with an acrylic polymer in a subsequent
mini-emulsion polymerization73 to build up Mw. Also,
acryloyl functional polyesters have been used in this
way. Both grafting reactions lead to crosslinked parti-
cles which can suffer from impaired coalescence on
application. More common is the combination of
polyester dispersions with external crosslinkers like
polyisocyanates or melamines to reach the required
performance level in the final coating.
Colloid stabilization
Polyesters are sensitive to hydrolysis, in particular the
trimellitic anhydride-based polyesters or hydroxyl
functional polyesters post functionalized with anhy-
drides to introduce carboxylic acid groups for stabil-
ization. In these types of polyesters, the carboxylic acid
group catalyzes the hydrolysis of the neighboring ester,
also known as the anchimeric group effect.74,75
Surfactants have been used to mechanically dis-
perse/stabilize the polyesters in water, at the expense
of water resistance and adhesion caused by surfactant
migration to the surfaces. Also, polyethylene glycols
have been applied as building block to aid stabiliza-
tion.76
Sulphonate groups have been introduced to reduce
the sensitivity to hydrolysis. They are effective in
imparting water dispersibility at low levels77 without
the need of cosolvents and in the absence of surfactants
and volatile amines. Sulpho isophtalic acid is the most
well-known building block to introduce sulphonate
into polyesters,78 and good properties have been
reported on gloss, hardness, flexibility, and solvent
resistance. Moreover, the coatings are claimed to be
water resistant, despite the presence of ionic sulpho-
nate groups, which is attributed to the strong stabil-
ization power of the sulphonate groups allowing good
dispersions to be made at very low ionic group levels.
In polyester acrylic hybrid particles, it is common to
use the polyester as stabilizing material during the
acrylate polymerization.79 An alternative method is to
incorporate the ionic groups in the acrylic backbone
and graft the polyester and acrylate together, for
instance, by a polycondensation route.80 This will give
an ionic group in a hydrolytically insensitive environ-
ment and the polyester, which is more prone to
hydrolysis, will be positioned in the core of the
particle.81
With their good gloss and nonyellowing character-
istics, the main application for polyester acrylic hybrid
dispersions has been in inks and coatings.
Alkyd acrylic hybrids
As already mentioned in ‘‘Blends of alkyds and
acrylics,’’ the compatibility of alkyds and acrylics is
generally poor.37 To avoid haze formation and obtain
good gloss levels, with fast drying and crosslinking
through the autoxidation mechanism, hybrids have
been prepared. These can, for convenience, be split
into two categories: the one where both acrylic and
alkyd are present in one particle; however, still by and
large ungrafted and the other where both polymer
types are chemically linked together.
A common route to chemically link alkyd and
acrylic together is by means of radical polymerization
of the acrylate in the presence of the alkyd.82–86 The
alkyd structure is by nature very hydrophobic and this
makes it suitable for use in mini-emulsion polymeriza-
tion reactions.87
An alternative route is to use a polyacrylate in a
polycondensation process, for instance by first poly-
merizing the acrylate in the presence of a fatty acid,
which leads to grafting. In a subsequent step, with
additionally added building blocks, a polycondensation
step is being executed, leading to an alkyd acrylate-
grafted structure.88 By using the sterically hindered
methacrylic acid in the acrylic backbone, a composite
latex can be prepared which is a core shell structure
with the acid functional acrylic on the outside and the
more hydrophobic alkyd on the inside of the particle.
These hybrids are particularly stable against hydrolysis
and have found use in primers for metal, stoving
systems, and as primer on wood.89
Various other hybrids
A number of other hybrids have been reported on, all
with limited commercial exploitation.
Polydimethylsiloxane (PDMS) is a hydrophobic
polymer which combines a low Tg with a low tack.
This makes PDMS hybrids90 an interesting class of
materials for low VOC coatings. To obtain a sufficient
level of mechanical performance, the PDMS polymer
is covalently bonded to a polymer with a higher Tg, for
which purpose both polyacrylates and polyurethanes
have been reported.91
Direct polymerization of PDMS structures is most
conveniently done through a mini-emulsion polymer-
ization, optionally via a simultaneous anionic ring-
opening polymerization and a radical polymerization.92
This avoids the need for diffusion of the hydrophobic
PDMS precursor structures through the aqueous
phase. An application for these hybrids is masonry
coatings with excellent outdoor durability, albeit at a
price. PDMS has also been used as building block in
high-performance alkyds and as building block in
aqueous polyurethanes and in urethane acrylic hybrids
dispersions, with good water repellency, used in niche
applications such as coatings for playing cards and in
hair styling polymers.
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Another class of hybrids are epoxy acrylics,93–95
which delivers a low VOC system, which is of partic-
ular interest for primer applications on metal, archi-
tectural coatings, and as coating on concrete. Good
adhesion, chemical, and humidity resistances have
been reported.
Fluor acrylic hybrids have been utilized for
architectural applications and more recently as roof
coatings,96 and for antigraffiti coatings with strong
points being the outdoor durability, low dirt pick up,
and stain resistance. Another hybrid type is based on
rubber acrylic hybrids,97 made by a mini-emulsion
route and recommended for adhesives and primers.
Crosslinkable oligomer polymer hybrids
High acid content oligomers can be used as a seed for
an acrylic emulsion polymerization. This is quite useful
in applications which are not so demanding in term of
resistance level. For high-end applications, hydrophilic
material should be avoided if possible and due to the
inherent hydrophilicity of these high acid content
oligomers, crosslinking becomes desirable to improve
the resistance level. The high acid content oligomer not
only functions as a stabilizer for subsequent polymer-
ized acrylate monomers but also appears to act as a
pigment dispersant. By optimizing the amount of acid
monomer in the high acid oligomers used in ink
applications, it is possible to maximize these stabilizing
and dispersing functions.
The absence of free surfactant eliminates foaming
problems and avoids adhesion problems due to surfac-
tant exudation on film formation. By the incorporation
of functional groups in both the dispersant (i.e., the
oligomer) and the secondly polymerized phase, an
inverted core shell morphology can be obtained and on
film formation both phases can be crosslinked together.
In addition to this, a difference in glass transition
temperature between both phases can be applied,
which makes these types useful in low VOC coating
applications, where fast drying and good block resis-
tance98 are required.99
Waterborne inorganic organic hybrids
A recent development in hybrid dispersions is the
organic–inorganic hybrid emulsions, like acrylic silica
hybrids. These nanocomposite materials can be made
through blending, the sol–gel process,100 or nanosized
silica can be incorporated during a (mini)101 emulsion
polymerization process102,103 in which silane coupling
agents are preferably used to achieve miscibility of the
acrylic and the silica.104 Good solvent resistances have
been reported for these hybrids.
Other inorganic–organic hybrids include clay acrylic
dispersions105 for instance to obtain oxygen and
moisture106 barrier properties and for increased stiff-
ness and rheology modification.105
The increased storage and tensile moduli are attrib-
uted to the local restrictions on the matrix mobility in
the vicinity of the rigid nanosized clay particles.107
In an alternative process, latex-templated particles
are prepared whereby a silica shell is built on
the outside of the acrylic particle by sol–gel
technology.108,109 The resins comprising these core
shell polymer-metaloxide nanoparticles find applica-
tion in, e.g., antireflective coatings.
Heterogeneity control within a single polymer
chain
Controlled radical polymerization
A very sophisticated control over the design of
polymers has become possible by the emerging tech-
nology of controlled radical polymerization (CRP).110
In CRP, all polymer chains grow at approximately the
same rate throughout the complete reaction time
which allows designing any type of polymer with
controlled composition simply by the order of addition
of the monomers to the polymerization reactor.
For most CRP techniques, a very narrow Mw
distribution is easily achieved.111 This opens opportu-
nities for high solids solventborne paints due to the
absence of a high Mw fraction, which dominates the
viscosity of these paints. Also in waterborne paints
with a good DOI, it is important to have a good flow
out in advanced stages of the drying process and also
here high Mw should be avoided for reasons of
viscosity build-up and low Mw should be avoided to
obtain good final properties or a sufficient rate of
drying.
There are several routes to make controlled poly-
meric structures. One route makes use of catalytic
chain transfer polymerization, which results in termi-
nally unsaturated oligomers that can be grafted to end
up as side chain.112–114 The cobalt-based chain transfer
agent is already effective in the low ppm range,
provided methacrylate monomers are predominantly
used, and by grafting with acrylic monomers, comb
polymer structures can readily be produced.
Another method makes use of living free radical
methods, like nitroxide-mediated polymerization
(NMP), atom transfer radical polymerization (ATRP),
and reversible addition fragmentation chain transfer
polymerization (RAFT).
NMP115 is less preferred in water, due to the high
temperatures needed and ATRP116 suffers from the
need to remove copper from the polymer and the
problem that acid functional monomers cannot be used
in the process.
RAFT polymerization,117 however, appears a rather
universal tool for making water-dispersable acrylic
block copolymers. It is well known that RAFT agents,
which are thiocarbonylthio compounds of general
structure Z–C(=S)SR, generally suffer from serious
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drawbacks like strong color and malodor.118,119 Careful
selection of the RAFT agent can therefore be very
important, especially when making polymers for coat-
ing applications. For example, RAFT agents of the
dithioester type (Z = phenyl) are known to exhibit a
very strong color, whereas those of the xanthate type
(Z = alkoxy) are mostly mildly colored (Fig. 6).
Furthermore, apart from unwanted color and odor
issues, the presence of the residual thiocarbonylthio
group at the polymer chain end can be undesirable
from a reactivity and/or potential degradation point
of view. Numerous methods for RAFT end-group
removal have already been reported in the litera-
ture.120,121
Several polymer structures produced by CRP have
been reported, including AB block copolymers,122
multiblock structures, star123 polymers, and comb
polymers. The most widely researched types are simple
block copolymers, where each block performs a
different role. One block can, for instance, be designed
to adhere to a substrate and the other block can have
build-in crosslink functionality to obtain a combination
of both adhesion and resistance. An example of this
effect is given in section ‘‘Adhesion to untreated
polypropylene.’’
The research on CRP has been directed to many
application areas, with the first commercialization
being in dispersants124 and decorative paints. Amphi-
philic block copolymers are of special interest to
waterborne paints. They may function as surfactant
during polymerization, thus avoiding problems like
water sensitivity and adhesion failure due to surfactant
migration to surfaces. See also section ‘‘Amphiphilic
polymers.’’
Polyurethanes
Aqueous polyurethanes125 are an interesting class of
block copolymers. The hard–soft segmentation of these
block copolymers is responsible for the good mechan-
ical properties of this polymer class. The hard segment
is built-up from diisocyanates, short diols like, for
instance, dimethylol cyclohexane, butane diol and
dimethylol propionic acid, and the diamine chain
extenders like isophorone diamine, hydrazine, and
ethylene diamine. For the soft segments, polyols are
commonly used, like diols from polypropylene glycol,
poly tetrahydrofuran, polycarbonate diols, and polyes-
ter diols, generally with Mn from 1000 to 3000. The
glass transition temperature of the hard segment varies
between 180 and 220C and the soft segment is
typically between 50 and 10C. The hydrogen
bonding of the polyurethanes strongly contributes to
the strength of the polyurethanes.
As earlier described, the Mw of the polyurethanes is
built up by a chain extension reaction, which intro-
duces urea groups in the urethane backbone. It would
therefore be more correct to describe these dispersions
as polyurethane polyurea polymers.
It is well known that urea functionalities in polymer
systems are capable of forming dimeric self-comple-
mentary multiple hydrogen bonding between the
carbonyl oxygen and the two neighboring N–H hydro-
gens. It has been shown that these hydrogen bonding
interactions improve the properties of both polyureas
and poly(urethane urea)s.126–128
Due to this combination of covalent bonding of hard
and soft segments and the noncovalent bonding by the
multiple hydrogen bridges, a wide range of unique
physical performance can be attained and this has led
to application in areas like flooring, scratch-resistant
coatings, adhesives, glass fiber sizings, and polymers for
leather.
Amphiphilic polymers
Polymers with an amphiphilic character give a heter-
ogeneous behavior due to their molecular architecture
and can be seen as a typical example of self-structuring
materials. Such polymers can be made very effectively
by controlled polymerization techniques.129 Control
over the internal polymer structure leads to hydropho-
bic and hydrophilic segments which micro-phase sep-
arate and restructure themselves as a function of
parameters like solids content, pH, variation in co-
solvent level, and salt level.
Fatty acid functional self-dispersing polymers130 are
distinctly different examples of these amphiphilic
structures, and from a rheology perspective, these
materials can behave quite similar to solvent-based
alkyds with a high oil length.
At an early stage in the drying process, the polymer
molecules display a percolation of aggregated hydro-
phobic fatty acid chains, while hydrophilic groups
orient themselves to the aqueous medium. The
rheology131 and conductivity measurements given in
Figs. 7 and 8 are in agreement with the formation of a
bicontinuous phase of polymer and water.
Before going into any depth to the application of
these amphiphilic fatty acid functional polymers, it is
useful to have a closer look at certain flow aspects of
waterborne paints and how this differs from solvent
alkyds with high oil length.
For a good brushability and open time, brush marks
should flow away and this requires a low viscosity at








Fig. 6: Structure of RAFT agents of the dithioester and the
xanthate type
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where a denotes amplitude; t time; h average film
thickness; k distance between striations; c surface
tension; and g viscosity.
Where surface tension may vary by a factor of 4,
viscosity of a drying paint film will cover several
decades in magnitude, hence making viscosity devel-
opment during the first 20–30 min of drying the most
relevant factor for flow out of brush marks.
As shown in section ‘‘Heterogeneity in terms of
polymer viscosity,’’ a combination of polymers with a
low and a high viscosity can give the required slow rate
of viscosity build-up to give good brushability to the
paint.
There is, however, still another striking difference in
the flow behavior on drying between solvent-based
alkyds with a high oil length and aqueous dispersions,
even when combined with a low-viscous polymer. This
only becomes apparent after more than 40 min of
drying, which is well after the time required for the
brush marks to flow away.
The current waterborne paints show a faster rate of
viscosity increase in the time frame of 35–80 min after
application of the paint to a substrate (see also thin film
analyser (TFA) Fig. 5). This relatively faster viscosity
increase leads to a notable telegraphing of the substrate
roughness to the surface of the paint and this phenom-
enon is believed to be responsible for the strong decrease
in the mirror-like reflection of the waterborne paints.
To illustrate the effect of the addition of polymer
with a high viscosity on the telegraphing of the
substrate roughness to the surface of a coating, a fatty
acid functional urethane dispersion with high viscosity
@100% polymer was added at different levels to an
amphiphilic fatty acid functional material with low
viscosity (@100% polymer), see Fig. 9.
By increasing the ratio of high-viscosity polymer to
low-viscous polymer (‘‘oligomer’’ in this case), a strong
decrease in gloss level due to an increase in telegraph-
ing becomes apparent.
The reduction in telegraphing is depicted by show-
ing the gloss levels on both rough PVC (Rz = 25 ±
2 lm) and smooth PVC (Rz = 1 ± 0.1 lm). The gloss
on smooth PVC does not suffer from telegraphing
effects and is taken as 100% at all blend ratios. The
reduction in gloss for the rough PVC compared to the
smooth reference is presented in Fig. 9.
As can be seen, the gloss value at 20 angle is

















Strong increase of conductivity starts at the same 
concentration at which 2-phase behavior begins. 
(Constant viscosity vs concentration) 













Upon water addition to resin: 
• At >90 wt% solids content, 
water acts like a plasticizer. 
• 55–90 wt% solids: two phase 
system, resin phase 
continuous. Additional water 
has hardly any effect on viscosity. 
• Some shear thinning behavior 
in narrow concentration range 
(42–50 wt%). 
• Resin dispersed phase, below 
44 wt%. Very steep decrease of 






Fig. 8: Viscosity at different shear rates as function of solids fraction

























Fig. 9: Influence of blend ratio high-viscous/low-viscous
polymer on gloss
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This all leads to the conclusion that for a combina-
tion of good brushability, open time, and DOI of the
paint, it is necessary to use a polymer which maintains
a low viscosity, not only in the first 30 min after
application but also in the next 30–50 min.
Conventional solvent-based alkyds with a high oil
length have the advantage of the presence of relatively
high levels of solvents which will reduce the viscosity of
this fairly viscous polymeric material. To avoid high
levels of solvent and still have a fast Mw build up, a
faster crosslinking reaction would be required than
known for traditional alkyd paints.
As explained in section ‘‘Heterogeneity in terms of
polymer viscosity,’’ the crosslink mechanism for the
oligomer should preferably result in a one-pack system,
contribute to the required low viscosity, and be
economical, and for these reasons, autoxidation of
fatty acid functionality seems to be the most appropri-
ate crosslink mechanism. Real new advances in cross-
link chemistry which fit the requirement of
contributing to a low viscosity and price are currently
not available and therefore the Mw distribution has
been investigated as parameter to influence the rate of
building up the Mw.
In Fig. 10, the Mw distributions of different low Mw
fatty acid functional materials are given. The alkyd
emulsion gives the broadest Mw distribution. The high
Mw part will result in a high viscosity which is
unwanted from a telegraphing point of view, especially
when low levels of solvent will be used or no solvent at
all. The low Mw part deteriorates the rate of drying
and leads to an increased dust and tack-free time.
Given the need to accelerate in drying rate after the
critical period for telegraphing is gone, also this low
Mw part needs to be eliminated.
The ‘‘polyamide fatty acid functional urethane’’ and
the ‘‘polyester fatty acid functional urethane’’ pre-
sented in Fig. 10 both have the advantage of elimina-
tion of the high Mw peak, which makes them
both suitable for both ‘‘open time’’ and good DOI
performance.
Due to the presence of some low Mw material, both
will show a longer drying time compared to the alkyd
emulsion. Finally, the fatty acid functional acrylic
shows the narrowest Mw distribution with both low
and high Mw materials being absent.
This gives the promise of a potential good DOI and
also the potential for a fast development of properties
after this initial drying stage.
More details on the Mw of the different fatty acid
functional polymers can be found in Table 1.
For additional experimental details and results on
telegraphing see ‘‘Experimental’’ section.
Experimental
Influence of nanostructure on film formation
and mechanical properties
Sequential polymerization of two polymer phases with
different Tg is a useful tool to reduce coalescent
demand while at the same time improving the resis-
tance of the coating to blocking. In Table 2, different
polymerization routes and Tgs are compared for their
influence on VOC, hardness, MFT, and block resis-
tance.98
The blend shows a higher elongation and lower
hardness compared to both sequential polymerization
routes. This can be explained by the lower amount of
interfacial material of the blend when compared to
both sequential lattices. The low/high Tg route for the
sequential polymer gives the highest tensile strength,
which again is most likely due to a better mixing of
both phases compared to the high/low Tg sequence.
Monomer and oligo radicals from the second phase will
more easily penetrate in a low Tg first phase than in a
high Tg phase. This technology is useful for industrial
wood applications like window frames and for decora-
tive paints, where low VOC levels and good block
resistance are required.
Influence of sequential polymerization
on mechanical properties for highly elastic
films
A sequentially polymerized acrylate was prepared with
80 wt% of a first phase with calculated Tg of 11C
and 20 wt% of a second phase with a calculated Tg of
80C.
- polyester FA urethane 
- fatty acid acrylic 
- polyamide FA urethane 
- Alkyd emulsion 






























Beware LOW to HIGH
Fig. 10: Molecular weight distribution for different types of
fatty acid functional polymers
Table 1: Molecular weight distribution for different
types of fatty acid functional polymers
Mn Mw Pd
Polyester FA urethane 2862 17,498 6.1
Fatty acid acrylic 3560 14,902 4.2
Polyamide FA urethane 2043 5,290 2.6
Alkyd emulsion 4145 61,000 14.7
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For compositional details see Table 3.
The elongation and toughness were measured and
compared with the sequential polymer where the two
phases were prepared in reverse order, the physical
blend of both phases and the average composition. For
results see Table 4.
The remarkably high toughness of the soft-hard
polymerized material can be explained by the likeli-
hood of the formation of more interfacial material
when compared to the hard-soft polymerization
sequence. It will come as no surprise that lower
toughness values are obtained with both the average
composition and the physical blend. This technology is
of interest in applications where zero VOC is of
importance.
Comparison of mechanical properties of urethane
acrylic blends and hybrids
Mechanical properties are of importance in most
coating applications.
For outdoor durable coatings on wood, it is impor-
tant for the coating to be able to follow the movement
of wood caused by temperature or humidity variations.
For floor coatings, the abrasion and scratch resis-
tance can be directly related to modulus and elasticity.
In Fig. 11, AFM pictures of a hybrid and the
equivalent blend of a polyurethane with an acrylic of
Tg 78C is shown. The large number of acrylic–acrylic
contact points is clearly visible for the blend and
these weak interfaces will severely degrade the
mechanical performance of the blends compared to
the hybrid.
Figure 12 shows the difference in modulus and
elasticity of a waterborne polyurethane, an acrylic
dispersion of high Tg, the blend of both (see also
Fig. 11 for the AFM) and the urethane acrylic hybrid
(see also Fig. 11 for the AFM).
The blend of urethane and acrylic will have a low
amount of interfacial material as discussed in section
‘‘Urethane acrylic hybrids’’ and this is believed to be
the main reason why the mechanical properties are
inferior compared to the urethane acrylic hybrid.
These urethane acrylic hybrids are suitable for
parquet flooring, industrial wood, and decorative
paints.
Adhesion to untreated polypropylene
Polypropylene (PP) is a widely used substrate, which
needs a pretreatment or a special primer, such as
chlorinated polyolefins to obtain good adhesion. A
long-lasting desire is to obtain adhesion to untreated
PP, from an aqueous paint, which avoids the use of
chlorinated polymers or other expensive pretreatment.
Table 2: Influence of Tg and sequence of polymerization on mechanical properties of multiphase acrylics
Polymer 1 2 3 4 5 6
Phase Tg (theoretical) 4C/80C 80C/4C Average composition 80C 4C Blend 4C/80C
Phase ratio 70/30 30/70 n.a. n.a. n.a. 70/30
Tg measured by DSC 5/93 5/91 24 90 1 3/86
MFT (C) 1 1 22 84 <0 <0
Butyl glycol (%)a 0 0 12 28 4 8
Ko¨nig hardness 35 34 n.a 7 15
Block resistance @ 50C + 0 2 ++ 2 2
Tensile strength (N/mm2) 3.9 2.9 1.2 n.a. 1 3
Elongation at break (%) 358 361 337 n.a. 664 421
a Butyl glycol (%) : percentage needed for good film formation @ 4C on absorbing substrate
Compositions of the polymers: Low Tg (4C)—BA/BMA/MMA/AA = 28.6/61.1/5.3/5.0; High Tg (80C)—BMA/MMA/AA = 24.1/
70.9/5.0%; Average Tg (20C)—BA/BMA/MMA/AA = 20/50/25/5
BA, butyl acrylate; MMA, methyl methacrylate; BMA, butyl methacrylate; AA, acrylic acid
Table 3: Composition of soft sequential polymer
Phase 1 Phase 2 Overall
BA 44.4 – 35.5
BMA 53.6 26.1 48.1
MMA – 71.9 14.4
MAA 2 2 2
Tg (C) 11 80 3
Ratio 80 20 –











Physical blend of soft
and hard
>900 3,500
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Some polymers have been reported to give a certain
degree of adhesion to untreated PP, but all have
disadvantages. One example is poly isobornyl acrylate
(iBOA), which is an extremely brittle material that
loses its adhesion when mechanical forces are applied
to it.
The contradiction of combining a good adhering
iBOA chain and a good flexibility within the same
material can be resolved by using block copolymers.
For the adhesion to untreated PP, block copolymers
were designed containing both the iBOA block and
more flexible blocks, such as poly butyl acrylate, which
brings sufficient resilience to the coating. The block
copolymer with an iBOA and a butyl acrylate block,
made by using the RAFT technology, is shown in
Table 5.
The block copolymer, based on a first stage in
which subsequently a block of acrylic acid and a
block of isobornyl acrylate are polymerized, followed
by a second-stage emulsion polymerization of butyl
methacrylate and butyl acrylate, gives excellent
adhesion. In contrast to this, both the average
polymer and the sequential polymer where isobornyl
acrylate is used in a second phase (inverse core
shell morphology) lack adhesion to the untreated
polypropylene.
This shows that not only the intrapolymer structure
is relevant for adhesion but also that the kinetics
involved in the migration of adhering blocks to the
surface of the polypropylene plays an important role.
Where all acid is used in a block which also contains
the iBOA, the hydrophobic adhering blocks are pulled
to the surface of the particle and hence it can easily
diffuse into the PP substrate (Fig. 13). In the case of
the sequential polymer, the adhering blocks are buried
inside the particle and due to the slow diffusion






























Fig. 12: Comparison of tensile properties of urethane
acrylic hybrids and references








(tape test: % removed)
Untreated PP plates (GT)
(0 = excellent, 5 = poor)
Scotch 810 Scotch 610 Scapa red
Block copolymer AAx  iBOAy (95C) BMA/BA (0C) 0 0 20 0
Single phase BMA/BA/iBOA/AA
(15C)
– 100 100 100 5
Sequential BMA/BA/AA (0C) iBOA/AA (95C) 100 100 100 5
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Telegraphing studies
Telegraphing has been studied by using a white light
interferometer. The white light interferometer allows a
time-resolved 3D visualization of the paint surface.133
In Fig. 14, the gloss difference between the solvent
alkyd and the waterborne acrylic paint emerges long
after the brush marks had disappeared, which confirms
that telegraphing and brush mark flow out are two
consecutive events.
The differences in flow behavior during drying for a
typical solvent-based alkyd and an aqueous acrylic
dispersion are depicted in Figs. 15–18.
From Figs. 17 and 18 it can be concluded that
telegraphing of the roughness of the substrate to the
surface of the coating starts at a much earlier moment
Block polymer Single phase Sequential 






Fig. 13: Influence of polymer architecture on particle morphology and adhesion
Fig. 14: Gloss differences due to telegraphing: solvent-based paint (left) and a waterborne paint (right)
Fig. 15: Telegraphing of the substrate roughness of a solvent-based paint during the drying process (23C; 50 RH%;
50 lm wet paint layer applied)
















































Fig. 18: The development of the solids content of a
waterborne paint in time
Fig. 16: Telegraphing of substrate roughness of a conventional waterborne paint during the drying process (23C;
50 RH%; 75 lm wet paint layer applied)










































Fig. 17: The development of the solids content of a
solvent-based paint in time
Fig. 19: Telegraphing of the substrate roughness of a ‘‘low viscosity at 100% solids’’ waterborne paint during the drying
process (23C; 50 RH%; 75 lm wet paint layer applied)
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in time for the solvent-based paint when compared to
the waterborne paint. The postleveling between 99 and
100% solids, however, is much better for the solvent-
based paint, which explains the much better gloss of
certain solvent-based alkyd paints, in comparison to,
for instance, waterborne acrylic paints.
A major step to bridge this gap in postleveling has
been made (see Fig. 19) by tailoring the Tg and Mw of
the waterborne resins in such a way that the viscosity
becomes sufficiently low in the solids range of 99–
100% to allow the postleveling to take place.
Other factors do play a role as well and the
avoidance of a yield stress in particular is a key factor
to bring waterborne paints to a similar gloss level as
can be achieved with high oil solvent-based alkyd
paints.
Conclusion
By increasing the control over polymer and particle
architecture and by controlling the film formation
process and in particular the final film morphology,
waterborne resin technology has become the technol-
ogy of choice for an increasing variety of applications.
Polymer heterogeneity control was and will be a key
tool to resolve challenges in the waterborne coating
industry making waterborne technology even more
widely applicable and ultimately replacing solvent-
borne coating technology in virtually all coating
segments. This will lead to much improved safety for
the workers in the industry and at home, a lower health
impact, and a much improved environmental profile.
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